The rates of Cu deposition onto rotating Si electrodes were measured to probe the effects of mass transfer, Cu 2+ reduction, and Si oxidation and dissolution on deposition dynamics. Cu deposition rates were proportional to CuSO 4 concentration and limited by Cu 2+ diffusion and subsequent reduction at high HF concentrations ͓͑HF͔/͓CuSO 4 ͔ Ͼ 20͒. In contrast, Si dissolution limited film growth at low HF concentrations ͓͑HF͔/͓CuSO 4 ͔ Ͻ 10͒, and HF 2 − was identified as the most active Si etchant. The observed effects of rotation rate indicate that mass transfer of Cu 2+ limits deposition rates, but mass transfer of HF does not. Open-circuit potential measurements and mixed-potential theory were used to develop a reaction-transport model that accurately predicts deposition rates over a broad range of Cu and HF concentrations. The structure of the films formed was probed by atomic force microscopy. Galvanic displacement has been used for metal deposition on Si for applications including microelectromechanical system, 1,2 surface-enhanced Raman spectroscopy, 3-5 and catalysis. 6,7 Galvanic displacement offers the advantage of selective deposition because reduction of metal ions is coupled with oxidation and dissolution of the substrate. A schematic diagram of galvanic displacement of Cu onto Si is shown in Fig. 1 , indicating the mass transfer and kinetic processes required for deposition. Fluoride species, HF in this case, must be added to dissolve oxidized Si and expose additional Si to continue galvanic displacement. Galvanic displacement occurs spontaneously when the depositing metal is more noble ͑easier to reduce͒ than both the substrate and hydrogen. Thus, Cu can be deposited by galvanic displacement because of its favorable reduction potential
Galvanic displacement has been used for metal deposition on Si for applications including microelectromechanical system, 1, 2 surface-enhanced Raman spectroscopy, [3] [4] [5] and catalysis. 6, 7 Galvanic displacement offers the advantage of selective deposition because reduction of metal ions is coupled with oxidation and dissolution of the substrate. A schematic diagram of galvanic displacement of Cu onto Si is shown in Fig. 1 , indicating the mass transfer and kinetic processes required for deposition. Fluoride species, HF in this case, must be added to dissolve oxidized Si and expose additional Si to continue galvanic displacement. Galvanic displacement occurs spontaneously when the depositing metal is more noble ͑easier to reduce͒ than both the substrate and hydrogen. Thus, Cu can be deposited by galvanic displacement because of its favorable reduction potential 8 
Cu
2+ + 2e − → Cu E 0 = 0.34 V vs NHE ͓1͔
where NHE is the potential of the normal hydrogen electrode. Si is easily oxidized ͑Si 2+ /Si E 0 = −0.81 V 9 ͒, making it a suitable substrate for galvanic displacement. In this work, the concentrations of Cu 2+ and HF are varied to determine the effects of the oxidation and reduction half-reactions on Cu deposition rates and the structure Cu films.
Several studies have examined the effects of Cu 2+ concentration on galvanic displacement rates. Deposition rates were found to be first-order in Cu 2+ concentration for deposition on substrates including Si, Fe, and Zn. [10] [11] [12] [13] [14] Less is known about the effect of HF concentration on deposition rates. Deposition rates increased with increasing HF concentration for deposition of Cu and Ag on Si, but few HF concentrations were studied, and the relationship between HF concentration and Cu deposition rates was not quantified. 10, 15 In this work, we investigate the effect of Si dissolution on Cu deposition rates by systematically varying the HF concentration.
In addition to the effects of formal HF concentration, the fluoride species responsible for Si dissolution were also probed. Dissolution via parallel pathways involving HF and HF 2 − has been proposed, [16] [17] [18] and recent work has supported this mechanism for electroless "stain etching" of Si with various oxidants. 19, 20 In contrast, the rate of AuCN reduction during galvanic displacement was reported to increase as ͓HF͔ 0.5 , independent of ͓HF 2 − ͔, during Au nanocluster deposition on Si. 21 In this work, the Si etchant was identified by adding HNO 3 and KOH to alter the solution pH and independently change the relative concentrations of fluoride species present at equilibrium.
Further understanding of the deposition mechanism can also be used to tailor deposition conditions to produce films with the desired properties. Previous studies have noted higher Cu nucleation rates on Si with increasing HF concentrations. 22 Little has been reported, however, on the effects of HF concentration on the morphology of thicker ͑Ͼ100 nm͒ films. Yang and Griffiths reported the formation of Ag clusters on oxidized Ge, and continuous films on reduced Ge. 23 The tendency to form isolated particles on oxidized substrates has also been shown for Ni nucleation on Si in the absence of HF. 24 Here, we use atomic force microscopy ͑AFM͒ to determine the effects of HF concentration on Cu morphology.
Experimental
The methods used in this work have been described previously. 25 Briefly, Cu was deposited onto rotating Si wafers ͑ = 10-20 ⍀ cm, Wafernet͒ attached to the end of a rotating shaft ͑model A5R2, Pine Instruments͒. Rotating speeds were varied between 10 and 250 rad s −1 ͑ϳ100 to 2500 rpm͒, and deposition times between 10 and 900 s. Aqueous solutions of CuSO 4 ·5H 2 O ͑0.0010-0.040 M, 99.3%, Fisher͒ and HF ͑0.010-1.0 M, 48%, EMD͒ were used for Cu deposition. The effect of HF speciation on deposition rates was probed by adding KOH ͑0-0.2 M, EMD, 85%͒ and HNO 3 ͑0-0.1 M, Fisher, 69%͒ to modify solution pH. Opencircuit potential ͑OCP͒ values were measured using a highimpedance voltmeter ͑Keithley 2400 SourceMeter͒ at a 14 Hz sampling rate, and data were recorded using LabTracer 2.0 software. Hg/Hg 2 SO 4 was used as the reference electrode ͑REF621, Radiometer Analytical͒.
Cu surface structures were studied by AFM using a Digital Instruments Multimode III system in tapping mode. Film thicknesses were also determined by AFM by scratching the Cu film with Teflon tweezers to expose the underlying Si and measuring the height differences between the Cu and Si surfaces. Deposition rates reported below were found by dividing the film thickness by the deposition time and assuming a void fraction of 0.15, as found previously. 25 The amounts of Cu deposited and of Si dissolved were also determined directly from UV-visible spectra of the contacting solution ͑Cary 400 Spectrometer͒.
Results and Discussion
Effect of silicon dissolution on copper deposition rates.-The effect of Si dissolution on Cu deposition rates was determined by varying the concentrations of both CuSO 4 and HF. Deposition rates for rotational angular velocities of 50 s −1 are shown in Fig. 2 ; the trends observed here are representative of those measured at other angular velocities ͑10-250 s −1 ͒. For ͓HF͔ Ն 0.30 M, Cu deposition rates were independent of ͓HF͔, indicating that Si dissolution does not limit Cu deposition rates for the compositions studied. Cu deposition rates were first order in ͓CuSO 4 ͔ ͑up to 0.030 M͒ for these high HF concentrations ͑Fig. 2͒, consistent with previous measurements of first-order Cu deposition kinetics in galvanic displacement. 11, 26, 27 In more dilute HF solutions, however, deposition rates no longer increased linearly with increasing ͓CuSO 4 ͔, reaching maximum constant values at high CuSO 4 concentrations. The deposition rates at these plateaus increased with increasing ͓HF͔, suggesting that Si dissolution limits deposition rates under these conditions.
Si dissolution rates are coupled to Cu 2+ reduction rates because the electrons consumed during Cu 2+ reduction are supplied by Si oxidation, as depicted in Fig. 1 . UV-visible spectra of deposition solutions revealed that the ratio of Cu deposited to Si dissolved was ϳ1 for high ͓HF͔/͓CuSO 4 ͔ ratios ͑Table I͒. This indicates dissolution of Si as Si 2+ was the primary Si oxidation pathway, as was observed previously for Cu galvanic displacement in 3.0 M HF. 25 In contrast, Cu:Si ratios increase and approach the value of 2 for ͓HF͔/͓CuSO 4 ͔ Ͻ 10, suggesting Si dissolution as Si 4+ also occurs under these conditions, when Si dissolution limits Cu deposition rates. The transition from Si dissolution as Si 2+ to Si 4+ with decreasing ͓HF͔ is consistent with previous results for Si oxidation and dissolution, which found that Si dissolved as Si 4+ when the driving force for Si dissolution decreased relative to that for Si oxidation. 28 The limiting rates of Cu deposition depicted in Fig. 2 are consistent with limiting Si dissolution rates for the given HF concentrations. The maximum rates of oxidation and dissolution of Si rotating disk electrodes ͑RDEs͒ have previously been reported for a range of solution compositions and rotation speeds. [29] [30] [31] The maximum Si 2+ dissolution rates calculated from these data are slightly lower than the maximum rates of Cu deposition measured at these HF concentrations ͑Table II͒. Deposition rates exceeding the maximum rates of Si 2+ dissolution also suggest that dissolution of Si as Si 4+ occurs when Si dissolution limits Cu deposition rates, because the maximum rate of Si 4+ is greater than that of Si 2+ . 28, 29 This is consistent with Cu:Si stoichiometries reported in Table I . Si oxidation and dissolution rates during galvanic displacement are more than one order of magnitude greater than dissolution rates of bulk SiO 2 at similar HF concentrations. 16, 32, 33 The higher rates found in this study may reflect higher mass transfer rates due to deposition on rotating samples or the presence of less dense oxide structures, which dissolve more quickly. 33 The deposition rate plateaus observed in Fig. 2 appeared at higher CuSO 4 concentrations as the HF concentration increased, suggesting that the rate-limiting step is determined by the relative concentrations of CuSO 4 and HF. Deposition rates were independent of HF concentration and limited by only Cu 2+ reduction at high ͓HF͔/͓CuSO 4 ͔ ratios ͑Ͼ10͒, while Si dissolution rates also influenced Cu film growth at lower ͓HF͔/͓CuSO 4 ͔ ratios. These findings are consistent with previous studies of the deposition of Pt onto Si, for which deposition rates increased with increasing ͓HF͔ for ͓HF͔/͓H 2 PtCl 6 ͔ below ϳ12, but became independent of ͓HF͔ at higher ͓HF͔/͓H 2 PtCl 6 ͔ ratios. 34 As we show later, this ratio, and thus the identity of the rate-limiting reaction, also influences the morphology of the Cu films deposited.
Effect of pH and HF speciation on deposition rates.-The above results demonstrate the influence of Si dissolution on Cu deposition rates, but they cannot identify the fluoride species responsible for dissolving Si because the equilibrium concentrations of all fluoride species are strongly correlated with one another. HF is a weak acid that dissociates into H + and F −35
Figure 2.
Dependence of Cu deposition rate on solution composition. The solid lines are deposition rates predicted by setting the Cu reduction and Si oxidation rates in Eq. 8 and 11 equal to each other using mixed-potential theory. Angular velocity ϭ 50 s −1 , film thickness ϭ 100 nm. 
Kolasinski used experimental results for HF speciation at equilibrium to determine the equilibrium constants listed above and to calculate the activity coefficients of HF and of charged species as functions of ionic strength. 35 These results were used to determine HF speciation in solutions used for Cu deposition, including the effects of CuSO 4 on ionic strength and SO 4 2− /HSO 4 − acid-base equilibrium. The effect of equilibrium HF speciation on Cu deposition rates was then analyzed to determine the active species for Si dissolution.
HNO 3 and KOH were added to Cu deposition solutions to alter the pH and allow independent control of the total fluorine concentration and of the activity of each fluorine-containing component. Solution pH values were ϳ2 when no HNO 3 or KOH is added, and deposition rates in these solutions increase with increasing ͓HF͔, as shown in Fig. 3a . Deposition rates were very low in dilute HF solutions ͓͑HF͔ Յ 0.1 M͒ when HNO 3 was added to decrease the pH to a value of 1 ͑Fig. 3a͒. These low deposition rates indicate that HF itself is not solely responsible for Si dissolution because undissociated HF is the predominant fluorine species at pH 1. Very low galvanic displacement rates were observed previously when H 2 SO 4 was added to solutions containing HF and CuSO 4 to decrease the pH below 0.4, but the authors did not provide an interpretation for these trends. 37 In contrast, deposition rates increased when KOH was added to increase the pH to 3 ͑Fig. 3a͒. Cu deposition rates shown in Fig. 3a were compared to the calculated activity for each fluorine-containing component to determine the most active species for Si dissolution. Deposition rates were found to correlate most closely with the HF 2 − activity ͑Fig. 3b͒, suggesting HF 2 − is primarily responsible for Si dissolution. Cu deposition rates were strongly correlated with HF 2 − concentrations for CuSO 4 concentrations between 0.0025 and 0.030 M and initial HF concentrations between 0.025 and 1.0 M, further demonstrating the importance of this species for Si dissolution. Maximum HF 2 − concentrations were previously reported near pH 3, consistent with the increased rates we observe at this pH. 29 Our attempts to measure deposition rates at even higher pH values were unsuccessful because of the low solubility of Cu͑OH͒ 2 ͑K sp = 2.2 ϫ 10 −20 ͒.
38
The proposed role of HF 2 − in Si dissolution is consistent with previous studies, which identified this species as the most active etchant of SiO 2 16,32 and Si 17, 18 in the absence of metal deposition. These authors proposed parallel dissolution pathways by HF and HF 2 − , and dissolution rate constants calculated for HF 2 − were 4-20 times larger than those for HF. 16, 17, 29 Undissociated HF still contributes to Si dissolution despite lower rate constants because its equilibrium concentration is ϳ10 times greater than that of HF 2 − . Parallel dissolution by undissociated HF may explain why deposition rates in Fig. 3b are highest at a pH of 1 for a given HF 2 − activity: these solutions have higher concentrations of undissociated HF, which also dissolves oxidized Si. Rate constants for dissolution by HF and HF 2 − were estimated by assuming Cu deposition rates in dilute fluoride solutions ͑where deposition rates increase with increasing ͓HF͔͒ equal the maximum rate of Si dissolution
The rate constant for Si dissolution by HF 2 − , k HF 2 , was found to be ͑3.3 Ϯ 0.3͒ ϫ 10 −3 cm s −1 , and k HF is ͑7 Ϯ 1͒ ϫ 10 −5 cm s −1 . This low rate constant for Si dissolution by undissociated HF is consistent with lower Cu deposition rates at pH 1, when HF is the predominant F-containing species. The ratio of k HF 2 to k HF indicates that HF 2 − dissolves oxidized Si ϳ40 times faster than HF, which is somewhat higher than the reactivity ratio of 4-20 reported previously. 16, 17 Effect of mass transfer on Cu deposition rates.-Si rotation speeds were varied to determine the contributions of boundary layer mass transfer and reaction kinetics to the Cu deposition rates reported above. Mass transfer rates to RDEs are proportional to 1/2 , as given by the Levich equation
where is the solution kinematic viscosity, D is the diffusion coefficient of the species of interest, and is the angular rotation rate. If the reaction mechanism consists of boundary layer mass transfer followed by first-order chemical reaction at the solid surface, then the inverse deposition rate will equal the sum of these two resistances in series
͓7͔
In this expression, k is the kinetic rate constant, C is the concentration of the rate-limiting reactant, and the other variables are as defined above. Equation 7 assumes that either the Cu reduction or the Si oxidation half reaction limits the deposition rate, and that its rate can be described by sequential boundary layer mass transfer and first-order chemical reactions. This is somewhat oversimplified because the driving forces for both half reactions affect deposition rates, as shown above ͑Fig. 1͒. Nevertheless, Eq. 7 provides insights 
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into the extent to which mass transfer limits deposition rates and into the identity of the diffusion-limited species. Equation 7 predicts that r −1 would increase linearly with −1/2 and that the consequent slope and intercept with the ordinate are inversely proportional to the concentration of whichever reactant limits measured rates. Figure 4 shows the effects of rotation angular velocity and of solution composition on deposition rates. Inverse rates ͑r −1 ͒ increased linearly with −1/2 , which is consistent with predictions based on the Koutecky-Levich equation ͑Eq. 7͒ and suggests the deposition process is described accurately by the assumption of boundary layer mass transfer and first-order surface chemical reaction in series. Both the slope and the intercept decreased as CuSO 4 concentrations increased at a given HF concentration ͑Fig. 4a͒. Figure 5a shows that these values are nearly inversely proportional to CuSO 4 concentration, as predicted from Eq. 7 for deposition rates limited by Cu 2+ mass transfer and reduction in series. The influence of HF concentration on deposition rates is different from that of Cu 2+ concentration. Consistent with Eq. 7, intercepts of the Koutecky-Levich plots shift to lower values as the concentration of HF increases ͑Fig. 4b͒, but these are not inversely proportional to ͓HF͔ ͑Fig. 5b͒. In contrast, the slopes of the Koutecky-Levich plots, and thus the mass transfer rates of the diffusion-limited species, were unaffected by HF concentration when CuSO 4 concentration was held constant. This indicates that mass transfer of fluoride species did not limit deposition rates for the range of solution compositions studied here. This demonstrates that the effect of Si dissolution rates on Cu deposition rates ͑Fig. 2͒ is due solely to the kinetics of Si dissolution and not to mass transfer of fluoride species to the electrode surface. The effects of the individual half reactions are studied later in more detail, and the combined effects of reduction and dissolution are explored via the OCP.
Analysis of OCP during deposition.
-OCP values were measured to determine the extent to which the oxidation and reduction half reactions limit measured rates and to elucidate the rate-limiting processes in each half reaction. The effects of CuSO 4 concentration on the time evolution of OCP values during deposition in 0.10 M HF are shown in Fig. 6 . OCP values became more positive as CuSO 4 concentration increased, consistent with previous results showing that OCP values increased as the driving force for reduction increased. 40, 41 A maximum OCP value was observed at short times ͑Ͻ20 s͒ for all concentrations, and this maximum occurred at times inversely proportional to CuSO 4 concentration. These results suggest that the same amount of Cu has been deposited at each of these maxima. This hypothesis was also supported by experiments performed at different rotating speeds, which found that the times required to reach these maximum OCP values were inversely proportional to the Cu 2+ mass transfer coefficient. Thus, a constant amount of Cu, corresponding to a film thickness of ϳ10 nm, is deposited by the time the maximum OCP value is reached. This thickness may 
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reflect the amount of Cu required to cover the entire Si surface without requiring subsequent nucleation and growth of Cu islands. Other features of the OCP profiles shown in Fig. 6 are the oscillations observed at long deposition times, which are particularly evident at higher CuSO 4 concentrations. These phenomena will be discussed in detail in a separate paper. As shown above, Cu deposition occurs via sequential boundary layer diffusion and electrochemical reduction. Thus, the rate of the Cu 2+ reduction half reaction can be found by rearranging Eq. 7 to solve for the deposition rate r. The kinetic rate constant k in Eq. 7 depends exponentially on the potential, leading to the following expression for the Cu 2+ reduction rate 8, 42 r Cu =
where k Cu 0 is the standard Cu 2+ reduction rate constant ͑1.8 ϫ 10 −5 cm s −1 ͒, ␣ is the transfer coefficient ͑0.46͒, F is Faraday's constant ͑96,485 C mol −1 ͒, R is the gas constant ͑8.314 J mol −1 K 1 ͒, T is the temperature ͑in Kelvin͒, and the other parameters are as defined in Eq. 6. 42 The effects of mass transfer were neglected in calculating Si dissolution rates, because diffusion of HF was found above not to limit Cu deposition rates ͑Fig. 4b͒. Si dissolution rate laws have been found previously for anodic oxidation of Si rotating disks by considering Si oxidation followed by dissolution of oxidized regions of the surface. 43 The rate of Si oxidation to Si 2+ increases exponentially with increasing potential 
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In contrast with the Cu 2+ reduction rates shown in Eq. 8, the rate of Si oxidation is not proportional to the concentration of fluoride species, which may explain why kinetic rates extracted from the Koutecky-Levich plots were not first order in ͓HF͔ ͑Fig. 5b͒. When the second term in the denominator of Eq. 11 is much larger than the first, Si dissolution rates are independent of fluoride concentration and are limited entirely by the rate of Si oxidation. This situation arises for high HF concentrations and is consistent with deposition rates that became independent of HF concentration when HF was in large excess ͑Fig. 2͒. In contrast, if the second term in the denominator is much smaller than the first ͑low fluoride concentration͒, Si dissolution rates are proportional to the concentrations of fluoride species, as was seen for Cu deposition rates in dilute HF.
It can be seen in Eq. 8 and 11 that Cu reduction rates increase with decreasing E, while Si oxidation rates increase with increasing E. Thus, increasing the driving force for reduction relative to that for oxidation ͑through changes in solution composition, rotating speed, or parameter values͒ increases the OCP in order to keep oxidation and reduction rates equal. Conversely, increasing the driving force of oxidation relative to that for reduction causes the OCP to decrease. These trends are seen in the effects of solution composition ͑HF and CuSO 4 concentrations͒ on OCP values depicted in Fig. 7 . The OCP values shown here are the constant ͑or nearly constant͒ values achieved after the maximum OCP values measured at short times. OCP values increased with increasing CuSO 4 concentration, as was shown in Fig. 6 . In contrast, OCP values decreased with increasing HF concentration ͑Fig. 7͒ because of the consequent increase in the driving force for oxidation ͑Eq. 11͒. OCP values were not strongly affected when the HF concentration was increased above 0.2 M. This is consistent with deposition rate results, which showed the dissolution step no longer limited the rate of the Si half reaction.
Mixed-potential theory is used here to describe the effects of solution composition and rotating speed on Cu deposition rates and OCP values during deposition by solving for the potential E that equates the rates of Cu 2+ reduction and Si oxidation ͑Eq. 8 and 11͒. The deposition rates calculated using this method are depicted as solid lines in Fig. 2 , and the OCP estimates are compared to measured values in Fig. 7 . These estimates agree well with rate data but deviate significantly from OCP values, especially at low ͓HF͔/͓CuSO 4 ͔ ratios, for which Cu deposition rates are limited by the rate of Si dissolution. Figure 8 shows the effect of CuSO 4 concentrations of the slopes of OCP vs log curves. The positive slopes indicate that the potential increased with increasing rotation speed at all concentrations, consistent with stronger mass transfer effects for Cu reduction than for Si oxidation rates. This is also consistent with deposition rate data ͑Fig. 4͒, which showed that gradients in Cu 2+ concentration within the boundary layer are much greater than gradients in HF. OCP values increase at a nearly constant rate of 0.025 V per tenfold change in for CuSO 4 concentrations of Ͻ0.005 M. The dependence of the potential on became weaker at higher CuSO 4 concentrations, indicating that Cu 2+ concentration gradients become less pronounced and are ultimately negligible as CuSO 4 concentrations reach 0.04 M. The effect of mass transfer on deposition rates decreases for CuSO 4 concentrations of Ͼ0.005 M, which corresponds to ͓HF͔/͓CuSO 4 ͔ ratios below 20. This is the same ratio at which Si dissolution was found to influence deposition rates above ͑Fig. 2͒. Thus, these OCP measurements are consistent with deposition rates described above and indicate the change in the ratelimiting step as the solution composition is varied.
Effect of rate-limiting process on film structure.-The surfaces of Cu films were studied using AFM to determine how film morphology was influenced by the various processes controlling film growth. AFM scans of the surfaces of Cu films deposited in solutions containing 0.20 M HF and 0.0050 M CuSO 4 are shown in Fig.  9 . Cu forms nuclei ϳ100 to 200 nm diam on Si, and the surface is nearly completely covered by Cu within 30 s. Cu domains tend to be oblate, with heights of ϳ30 to 50 nm. The size of these domains does not appear to increase with deposition time, and the Cu films formed are smooth ͑rms roughness ϳ10 nm͒ after 240 s of deposition, when such films are ϳ200 nm thick.
Much rougher Cu films formed at lower HF concentrations ͑0.05 M͒ ͑Fig. 10͒. Nucleation rates are lower than at higher HF concentrations, and a significant fraction of the Si surface remains bare after 30 s. These lower nucleation rates are consistent with the lower deposition rates measured in more dilute HF solutions ͑Fig. 2͒. Cu films become much rougher as time progresses, and the grains appear to grow with time. Cross-sectional images of the films show that distinct particles as tall as 200 nm formed at low HF concentrations, while continuous films formed at high HF concentrations. These trends and structures resemble those reported for deposition of Ag on Ge, for which nanoparticles were formed on previously oxidized Ge surfaces and continuous films were formed on reduced surfaces. 23 These authors proposed that individual particles formed on oxidized surfaces because electron-transfer ͑and thus reduction͒ rates were greater at the metal particles than on the Ge surface. Similarly, Si surfaces are expected to be more oxidized at lower HF concentrations because of a decreased rate of oxide dissolution, leading to preferential deposition on Cu metal particles.
The results above indicate Cu surface properties can be modified by varying the relative rates of Cu 2+ reduction and Si dissolution. Figure 11 depicts the effect of the ͓HF͔/͓CuSO 4 ͔ ratio on film roughness. The roughness decreases as the ͓HF͔/͓CuSO 4 ͔ ratio increases over the entire range studied. These results are independent of deposition rate, indicating both the rate and the roughness can be tailored for the desired application and processing requirements.
Conclusions
The effects of Cu 2+ reduction and Si dissolution on the rate of Cu deposition onto Si and the resulting film properties were studied. Either Cu 2+ reduction or Si dissolution is found to limit the rate, depending on the solution composition. Deposition rates are limited by Cu 2+ reduction only when the ͓HF͔/͓CuSO 4 ͔ is greater than ϳ20, and rates are primarily limited by Si dissolution when the ͓HF͔/͓CuSO 4 ͔ ratio is less than ϳ10. Mass transfer of Cu 2+ ions was found to limit deposition rates, but diffusion of HF did not. These results were also supported by OCP measurements, which indicated Cu 2+ reduction was more limited by mass transfer than Si oxidation and dissolution. OCP measurements supported kinetic data that suggested HF 2 − was the primary Si etchant. Mixed potential theory was used to predict deposition rates and OCP values in reasonable agreement with experimental results. The relative rates of Si dissolution and Cu deposition were also found to strongly affect the morphology of Cu films. Much rougher films form when Si disso- lution limits the rate. These results show that film roughness and deposition rates can be modified independently according to the properties desired for the intended application. 
